are enriched in the blood and can deliver functional RNAs, such as microRNAs (miRNAs), to recipient cells, thereby mediating intercellular communication. However, the role of EVs in controlling the innate immune responses to vaccines has not been fully elucidated. Here, we found that miR-451a is abundant in human serum EVs and that its presence in blood-circulating EVs affects the innate immune responses of macrophages and dendritic cells to inactivated whole-virus vaccines (WV) against influenza. miR-451a in human serum EVs was stable for a week in healthy subjects, and its levels gradually fluctuated over several months. miR-451a within serum EVs was internalized into serum-cultured macrophages and dendritic cells and reduced endogenous 14-3-3 protein levels and decreased the expression of type I IFN and interleukin 6 in response to WV stimulation. miR-451a levels in blood-circulating EVs were positively correlated with intracellular miR-451a levels in mouse splenic CD11c ؉ cells and inversely correlated with the innate immune response to inactivated WV in vivo. These findings suggest that miR-451a in circulating EVs is internalized into recipient cells in vivo and that this internalization results in an attenuation of the innate immune response to WV. Moreover, a microarray analysis identified several other miRNAs that affect the macrophage response to inactivated WV. Our results reveal that miR-
cytosis, and thus the destabilization of actin filaments inhibits the uptake of EVs (17) . The innate immune system recognizes pathogen-associated molecular patterns via pattern recognition receptors (PRRs) and triggers the signal to induce interferons (IFNs), pro-inflammatory cytokines, and chemokines. TLR3, TLR7, and RIG-I are PRRs that recognize viral RNA (18) . TLR3 binds to endosomal viral double-stranded RNA (dsRNA) (19), and TLR7 recognizes viral single-stranded RNAs and a chemical, CL097, in the endosome (20, 21) . dsRNA is also sensed by a cytoplasmic viral RNA sensor, RIG-I (22) .
Recently, we found that EVs released from HBV-infected cells deliver host miRNAs to macrophages and control the innate immune response against HBV (7, 23) . It has been reported that miR-146a and miR-155 in exosomes were internalized into dendritic cells and modulated the cytokine expression in response to LPS, a ligand for TLR4 in vivo (24) . Moreover, Montecalvo et al. (25) have reported the underlying mechanisms of how miRNAs are transferred from donor to recipient dendritic cells via EVs. These observations show that miRNAs in EVs are internalized into dendritic cells and attenuate the target gene function in the recipient cells.
miR-451a is an miRNA that targets 14-3-3, which is involved in pro-inflammatory cytokine expression pathway (26, 27) . miR-451a reduces type I interferon (IFN) and IL-6 expression in response to influenza A virus infection via targeting 14-3-3 (26) . Influenza A virus is known to be recognized by TLR3, TLR7, and RIG-I (20, 28, 29) . Although formalin-inactivated whole-virus vaccine (WV) of influenza A virus induces type I IFN and pro-inflammatory cytokine expression (30) , it remains unclear whether miR-451a in EVs modulates the innate immune response to inactivated WV.
Vaccination is the best prophylaxis for flu infection, and inactivated WV has superior immunogenicity (31) (32) (33) . It has been shown that viral RNA within inactivated WV activates the innate immune response and is important for the efficacy of inactivated WV vaccine (30) . In this study, we found that miR-451a in blood-circulating EVs affected intracellular miR-451a levels, resulting in modulation of the cytokine expression in response to inactivated WV. Moreover, our microarray study identified several other EV miRNAs that had a significant impact on the cytokine expression in response to inactivate WV. Our findings elucidated a role of blood-circulating EVs for controlling the responses of macrophages and dendritic cells in vivo.
Results

miR-451a levels in EVs increase after stimulation with inactivated WV
First, we focused on 20 immune regulatory miRNAs (34) and investigated their expression levels in EVs after stimulation with inactivated WV. THP-1 macrophages were treated with inactivated WV for 24 h, and the released EVs were subsequently collected. miRNA levels within EVs and THP-1 macrophages were determined by RT-qPCR. The expression levels were normalized to U6 RNA levels, because U6 is frequently used as a reference RNA to normalize miRNA levels within cells and EVs (35) (36) (37) . Four of those miRNAs were not detectable in EVs, whereas the remaining 16 miRNAs could be quantified (Fig. 1, A and B) . Interestingly, miR-155 and miR-451a levels in EVs were significantly increased by stimulation with inactivated WV (Fig. 1A) . However, intracellular miR-155 and miR-451a levels were only slightly affected by stimulation ( Fig. 1B) , implying that sorting of miR-155 and miR-451a into EVs was increased by stimulation with inactivated WV, rather than transcription. Intracellular miR-155 and miR-451a are reported to control the innate immune response to LPS and influenza A virus infection, respectively (24, 26) . The sizes of EVs were comparable before and after stimulation with inactivated WV (Fig.  1C) , and the concentrations of EVs in cell culture supernatants were moderately reduced after stimulation (Fig. 1C, right  panel) . Because the role of exosomal miR-155 in EVs in the innate immune response has been reported previously (24) , we focused on EV miR-451a in this study.
To investigate whether inactivated WV can increase miR-451a levels in EVs released from primary macrophages as well as immortalized macrophages, we used human monocyte-derived macrophages (mo-Mf) and found that the miR-451a level in mo-Mf-derived EVs increased after stimulation with inactivated WV as observed in THP-1 macrophages, although intracellular miR-451a levels did not increase (Fig. 2, A and B) . We also used hemagglutinin (HA)-antigen-enriched split virus (SV) vaccine and found that a high concentration of SV could increase the miR-451a levels in EVs ( Fig. 2A and Fig. S1A ).
miR-451a contains an EXO motif (Fig. S1C ), and hnRNPA2B1 selectively sorts miRNA with the EXO motif into EVs, thus increasing the expression of miRNA in EVs (11) . To test whether the increase of miR-451a levels in EVs depended on hnRNPA2B1, siRNA for hnRNPA2B1 was transfected into THP-1 macrophages, which were subsequently stimulated with inactivated WV and SV. Knockdown of hnRNPA2B1 markedly reduced the level of miR-451a in EVs released from cells stimulated with WV and SV ( Fig. 2C and Fig. S1, A and B) , whereas hnRNPA2B1 knockdown failed to reduce miR-29a levels in EVs ( Fig. 2C , right panel), which does not contain the EXO motif ( Fig. S1C ). Collectively, these data suggest that miR-451a is sorted into EVs upon stimulation with influenza A virus vaccines.
miR-451a targets 14-3-3 and attenuates the expression of IL-6 and IFN-␤ in response to influenza A virus infection (26) . Thus, we investigated whether miR-451a attenuates cytokine expression in response to inactivated WV as well as flu infection. We used a mimic miRNA for miR-451a (mimic miR-451a). Transfection of mimic miR-451a into THP-1 macrophages reduced IFN-␤ and IL-6 mRNA expression in response to inactivated WV ( Fig. 2D and Fig. S1D ). We confirmed that mimic negative control miRNA did not affect the cytokine expression in our experimental condition ( Fig. S1E ). Mimic miR-451a reduced the expression of endogenous 14-3-3 protein ( Fig. S1F ). Inactivated WV contains viral RNA, and thus we investigated whether mimic miR-451a affects TLR3-and TLR7-mediated signaling. Transfection with mimic miR-451a reduced IL-6 mRNA expression in response to poly(I-C), a TLR3 ligand, but not to CL097, a TLR7 ligand (Fig. 2, E and F) .
Because miR-451a modulated the innate immune response, we further focused on the function and role of EV miR-451a.
miR-451a levels in human serum EVs fluctuate severalfold during 1 year
EVs are known to be abundant in human serum (5) . Human sera contained 2.3 Ϯ 1.2 ϫ 10 13 particles/ml of EVs ( Fig. 3A) , which were over 1000 times higher than those in serum-free cell culture supernatant (5.14 ϫ 10 9 particles/ml and see Fig. 1C ). The mean size of serum EVs was 93.2 nm (Fig. 3A) , and the average concentration of EV proteins in human sera was 6.7 Ϯ 0.48 mg/ml ( Fig. 3B ). Collected EVs expressed the exosome marker proteins, CD9 and CD63 ( Fig. 3C ). Because EVs with miR-451a were released from macrophages, we next investigated whether EVs in serum contain miR-451a. The concentration of EV miR-451a in serum was 2.2 Ϯ 0.85 ϫ 10 9 copies/ml ( Fig. 3D ), suggesting that human serum contains a high amount of EV miR-451a. We do not exclude the possibility that genetic backgrounds and environmental factors exhibit profound effects on the concentration of EVs and the miRNAs levels.
To investigate the temporal changes of miR-451a levels in serum EVs, we collected sera from a healthy human subject during an 8-day period, and miR-451a levels in the EVs were determined. Because U6 RNA levels in human serum EVs were very low, we could not use U6 as a stable internal control.
Therefore, we used miR-16 as an internal control to normalize miRNA levels in extracellular vesicles as described previously (38 -40) . miR-451a levels in sera were very high, and thus 5 l of serum was sufficient to detect miR-451a expression in serum EVs. For comparison, we determined miR-21 and miR-155 levels in serum EVs, which are known to regulate inflammatory response. miR-21 and miR-155 levels in serum EVs fluctuated over a 4-fold range during 1 week; however, miR-451a levels were stable compared with those of miR-21 and miR-155, and its range of fluctuation was under 2-fold ( Fig. 3 , E and F). miR-451a levels in serum EVs were also stable during a single day ( Fig. S2A ). Next, we investigated them over several months. miR-451a levels in serum EVs gradually changed, and it took several weeks to change over 2-fold ( Fig. 3G ). It should be notable that miR-451a levels in serum EVs isolated from one donor changed over 10-fold during a 6-month period ( Fig. S2B ). We investigated the divergence of miR-451a expression levels in serum EVs of healthy human subjects and found a difference in miR-451a levels over a 10-fold range (Fig. 3H ).
We next investigated which types of cells release miR-451acontaining EVs, and we detected miR-451a in EVs released from HepG2, A549, and BJ cells ( Fig. S2C ). In mice, miR-451a levels were high in the lung, spleen, and heart compared with other tissues (Fig. S2D ). These data suggest that miR-451a- 
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containing EVs are released from various types of cells in vivo. Interestingly, our RNA-Seq analysis showed that miR-451a levels in mouse serum EVs were increased by intranasal infection with influenza A virus ( Fig. S2E ), suggesting that flu infection also affects miR-451a levels in serum EVs. It remains unclear whether other viral infections, other diseases, or physical conditions affect serum EV miR-451a levels (see "Discussion").
Internalization of miR-451a in serum EVs into macrophages and dendritic cells
Previous studies reported that EVs deliver miRNAs into the cytoplasm of recipient cells (6, 7, 23) . To observe the internalization of serum EV RNAs, EVs were collected from serum, and RNAs within EVs were stained with SYTO RNAselect dye, which is a membrane-permeable dye and binds to RNA, leading to emission of green fluorescence. 1 ϫ 10 12 particles of stained serum EVs were added to the cell culture of THP-1 macrophages (final concentration 2 ϫ 10 12 particles/ml) for 6 h, and we investigated whether stained RNAs within EVs were internalized into THP1 macrophages. We found that green fluorescence was detected in the cytoplasm of THP-1 macrophages, indicating that RNAs within serum EVs were internalized into THP-1 macrophages (Fig. 4A) .
A previous in vitro study showed that exosomal miR-451a was internalized into a dendritic cell line, DC2.4, and repressed the expression of a target mRNA (25) . The study reported that 12.5 g/ml of the exosomes in cell culture was sufficient for DC2.4 cells to uptake exosomal miR-451a (25) . Human sera contain much higher concentrations of EVs (6.7 Ϯ 0.48 mg/ml) and a high amount of EV miR-451a (2.2 Ϯ 0.85 ϫ 10 9 copies/ ml) as described above. In contrast, intracellular miR-451a levels were very low (0.48 copies/cell). Therefore, we reasoned that miR-451a in serum EVs would be internalized into macrophages and dendritic cells.
If serum EV miR-451a is internalized into macrophages, it is expected that intracellular miR-451a levels would increase after incubation of cells with human serum. We tested this hypothesis. First, THP-1 macrophages were cultured with human serum for several days, and their intracellular miR-451a levels in THP-1 macrophages were determined by RT-qPCR. We found that intracellular miR-451a levels increased after 1 and 2 days postincubation ( Fig. 4B ). We confirmed that serum-free conditions did not affect intracellular miR-451a levels (Fig. 4C ), and normalization using either miR-16 or U6 did not affect the results (Fig. 4C , right and left panels). Increased miR-451a levels were also detected in human monocyte-derived macrophages and mouse bone marrow-derived dendritic cells (BM-DCs) after incubation with human or mouse serum, respectively ( Fig.  4 , D and E), suggesting that EVs can deliver miR-451a into not only immortalized macrophages but also primary macrophages and dendritic cells. We confirmed that normalization using either miR-16 or U6 did not affect the results (Fig. 4 , D and E, right and left panels).
Figure 2. Characterization of miR-451a.
A and B, human blood monocytes were differentiated into macrophages in vitro and were stimulated with 1 g/ml inactivated WV and SV for 24 h. Total RNA was isolated from EVs in cell culture supernatants (A) and from cells (B). miRNA expression levels were determined by RT-qPCR. Data represent means Ϯ S.D. (n ϭ 3) (p Ͻ 0.05, one-way ANOVA). C, siRNA for hnRNPA2B1 or negative control (NC), which contains a random sequence, was transfected into THP-1 macrophages using Lipofectamine RNAiMAX, according to the manufacturer's instruction, and then incubated for 2 days. Knockdown efficiency was determined by RT-qPCR (left panel). Cells were then stimulated with 20 g/ml inactivated WV for 24 h. The expression levels of miR-451a and miR-29a in EVs were determined by RT-qPCR (middle and right panels). Data represent means Ϯ S.D. (n ϭ 3) (p Ͻ 0.05, t test). D-F, mimic miRNA of control (NC) and miR-451a were transfected into THP-1 macrophages for 48 h. Cells were then stimulated with mock, 20 g/ml inactivated WV (D), 50 g/ml poly(I-C) (E), or 5 g/ml CL097 for 6 h, and the mRNA expressions of IFN-␤ (D) and IL-6 (E and F) were determined by RT-qPCR and normalized to GAPDH. Fold increase was calculated by dividing each value with that of control. Data represent means Ϯ S.D. (n ϭ 3) (p Ͻ 0.05, one-way ANOVA). *, p Ͻ 0.05.
Second, we investigated the effect of serum EVs on other types of cells. Similar to THP-1 macrophages, the intracellular miR-451a level in HepG2 cells increased following incubation with human serum, but not in A549 cells or THP-1 monocytes (Fig. 4 , F and G).
In general, internalization of EVs requires phagocytosis, and cytochalasin D treatment destabilizes actin filament formation and reduces the internalization of EV miRNAs (17, 25) . Interestingly, treatment with cytochalasin D inhibited the increase of intracellular miR-451a levels after incubation with human serum (Fig. 4H ). This observation weakened the possibility that an apparent increase of intracellular miR-451a was caused by attachment of EVs on the cell surface. Collectively, our data indicate that a physiological concentration of miR-451a in serum EVs is sufficient for the internalization of miR-451a from EVs into macrophages and dendritic cells.
Serum EV miR-451a levels affect its intracellular levels in macrophages
Next, we investigated whether the fluctuation of miR-451a levels in serum EVs, which was observed in Fig. 3 , affects the intracellular miR-451a levels in recipient cells. Human sera (samples #1 to #4) with different miR-451a levels were collected from one donor (Fig. 5A ). The expression levels of miR-21 and Histogram is a representative of three independent experiments. Average of EV concentrations in human sera (n ϭ 3) is shown. B, EVs were collected from sera of healthy human subjects. Amounts of EV proteins were subsequently determined. The graph exhibits the concentrations of EV proteins in human serum (n ϭ 3). C, collected EVs were subjected to SDS-PAGE, and the CD9 and CD63 proteins were detected by Western blotting with anti-CD9 and anti-CD63 antibodies. The data are representative of two independent experiments. D, RNA was extracted from collected EVs, and the concentration of EV miR-451a in serum was determined by RT-qPCR (n ϭ 3). E, human sera were collected over the course of a week from healthy subjects. miRNA levels of miR-21, miR-155, and miR-451a in serum EVs were determined by RT-qPCR and normalized to that of miR-16. Experiments were repeated three times. F and G, six healthy subject sera were collected at day 0 and at day 7 (F), at day 30 and day 120 (G), and then miRNA levels of miR-21 and miR-451a in serum EVs were determined by RT-qPCR and normalized to that of miR-16. H, 22 healthy donor sera were collected. miR-451a levels in EVs within sera were determined by RT-qPCR and normalized to miR-16 levels. Healthy volunteers aged 22-56 years did not have any symptoms of disease and were not medicated when sera were collected. During the course of the experiments, those volunteers were not vaccinated with influenza A virus vaccine and had no symptom of influenza or any other disease.
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miR-155 were determined for comparison ( Fig. 5A ). THP-1 macrophages were incubated with the sera for 2 days, and then intracellular miR levels were determined by RT-qPCR as described in Fig. 5B . Intracellular levels of miR-21 and miR-155 were much higher than that of miR-451a and were not affected by incubation with any serum (Fig. 5C ), whereas intracellular miR-451a levels increased by human serum (Fig. 5D ) as observed in Fig. 4 . The #2 and #4 sera contained lower amounts of EV miR-451a than #1 and #3 sera, and intracellular miR-451a levels in cells cultured with #2 or #4 serum were lower than those cultured with #1 or #3 sera ( Fig. 5D ). Next, we collected sera from other donors at different time points and cultured THP-1 macrophages with the collected sera. When cells were cultured in medium with human serum with a relatively high EV miR-451a level, their intracellular levels were also higher than those cultured with serum containing a low EV miR-451a level (Fig. S3, A and B) . These data imply that the difference of EV miR-451a levels caused by fluctuation in single donor affects its intracellular levels of THP-1 macrophages.
miR-451a targets 14-3-3 and endogenous 14-3-3 protein levels decreased by incubation with human serum (Fig. 5E ), suggesting that internalized miR-451a could target 14-3-3 and attenuate the expression. These data also weakened the possibility that the apparent increase of intracellular miR-451a was 
caused by attachment of EVs on the cell surface. We confirmed that the serum-free condition did not affect endogenous 14-3-3 protein levels in our experimental condition ( Fig. 5F ). EVs collected from human serum reduced endogenous 14-3-3 protein levels in THP-1 macrophages, but not TBK1 required for type I IFN production, suggesting the specific suppression of the 14-3-3 protein by miR-451a ( Fig. S3C) .
In contrast to THP-1 macrophages, intracellular miR-451a levels in nondifferentiated THP-1 cells (monocytes) did not increase by human serum (Fig. 5, G and H) , and endogenous 14-3-3 protein levels did not change by incubation with human serum (Fig. 5I ) as observed in Fig. 4G .
To perform a statistical analysis, we collected several human sera from healthy subjects and compared miR-451a levels in serum with intracellular miR-451a levels in cells cultured with serum ( Fig. 6A ). Interestingly, miR-451a levels in serum EVs were significantly correlated with intracellular miR-451a but not the miR-21 level in THP-1 macrophages (Fig. 6, B and C) .
In contrast to THP-1 macrophages, among the three human serum samples (#2, #3, and #4), only serum #3 increased intracellular miR-451a levels in HepG2 cells (Fig. 6, D and E) . However, serum #3 failed to reduce endogenous 14-3-3 protein levels in HepG2 cells (Fig. 6F ). This suggests that internalized miR-451a is not functional in HepG2 cells under our experimental conditions. Collectively, our data suggest that the miR-451a in serum EVs is internalized into recipient cells in a celltype-specific manner.
miR-451a levels in serum EVs affect the response of macrophages to inactivated WV
Because transfection of mimic miR-451a reduced IFN-␤ expression in macrophages in response to WV (Fig. 2D ), we 
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investigated whether EVs containing a high amount of miR-451a could reduce this response. First, mimic miR-451a was transfected into human cells, and EVs were collected from the cell culture medium of miR-451a-transfected (miR-451a EVs) or mock-transfected cells (mock EVs). Second, THP-1 macrophages were treated with collected EVs for 2 days and were subsequently stimulated with WV for 6 h, and IFN-␤ mRNA expression was determined. Treatment with miR-451a EVs significantly reduced IFN-␤ expression compared with that of mock EVs (Fig. 7A ).
Next, we investigated whether the fluctuations of miR-451a levels in serum EVs affects the response of macrophages to WV. First, we used sera collected from a single donor, which showed different EV miR-451a levels (Fig. 5A ). THP-1 macrophages were incubated with human sera for 2 days and subsequently stimulated with inactivated WV for 6 h. IFN-␤ and IL-6 mRNA expression was determined by RT-qPCR. Although sera were collected from a single donor, each serum exhibited a different effect on the expression of IFN-␤ and IL-6 ( Fig. 7, B and C) . Interestingly, the cytokine expression appeared to be negatively correlated with miR-451a levels in serum EVs (Figs. 5A and 7 , B and C, and Fig. S3D ).
Second, EVs were collected from those sera. THP-1 macrophages were cultured with the collected EVs for 2 days, and IFN-␤ mRNA expression in response to inactivated WV was determined. As observed in a study using sera, EVs collected from #3 serum reduced the macrophage response more efficiently than EVs collected from other sera (#2 and #4) ( Fig. 7D and Fig. S3E ).
Third, inhibitory RNA for miR-451a (antagomiR-451a) transfection abrogated the difference of the IFN-␤ and IL-6 mRNA expression ( Fig. 7E and Fig. S3F ). AntagomiR-451a cancelled the reduction of 14-3-3 protein levels by serum EVs (Fig.  S3G ). These observations are consistent with our hypothesis that fluctuation of miR-451a levels in EVs affected the response of macrophages to WV. Because human serum could reduce the IFN-␤ mRNA expression even in the presence of antago-miR-451a ( Fig. S3F ), we did not exclude the possibility of the existence of other unknown factors in human serum that affect the response to inactivated WV (see below).
To perform a statistical analysis and to test whether the difference of EV miR-451a levels affects the macrophage response to WV, we used sera collected from several healthy subjects and investigated the correlation between miR-451a levels in serum EVs and IFN-␤ mRNA expression in THP-1 macrophages cultured with serum as shown in Fig. 7F . Interestingly, miR-451a levels in serum EVs were inversely correlated with IFN-␤ expression, and the correlation was statistically significant (Student's t test) (Fig. 7G) . These data are consistent with our model that serum EVs deliver miR-451 
into the cytoplasm of macrophages, thereby controlling cytokine expression.
miR-451a levels in blood-circulating EVs are correlated with its intracellular level of splenic CD11c ؉ cells
Our in vitro study suggested that serum EV miR-451a was internalized into dendritic cells and macrophages and increased its intracellular levels. Thus, we reasoned that miR-451a levels in blood-circulating EVs would be correlated with its intracellular levels in vivo. To test this hypothesis, we compared the miRNA levels of serum EVs with those of splenic CD11c ϩ cells that were collected from each C57BL/6 mouse as described in Fig. 8A . As expected, the miR-451a levels in mouse serum EVs were significantly correlated with intracellular miR-451a levels in splenic CD11c ϩ cells (Fig. 8B) , although there was no correlation between miR-21 levels in EVs and in CD11c ϩ cells (Fig. 8C) . These observations were consistent with our results obtained by in vitro analysis.
Next, we investigated whether the difference of miR-451a levels in blood-circulating EVs affects the innate immune response to inactivated WV in vivo. Previously, Ishii and co-workers (30) reported that intranasal administration of inactivated WV increases the IP-10 levels in sera. IP-10 is known to be induced by type I IFNs (41) . First, mouse sera were collected to determine miR-451a levels in blood-circulating EVs. Second, inactivated WV was then intranasally administered into mice, and sera were collected 6 h after administration to determine IP-10 levels in sera as described in Fig.  8D . Interestingly, a negative correlation was observed between 
. Correlation of miR-451a levels in serum EVs with THP-1 macrophage response to inactivated WV.
A, miR-451a mimic was transfected into THP-1 macrophages and was incubated for 2 days. EVs were collected from cell culture medium and then added to THP-1 macrophages. Cells were stimulated with inactivated WV for 6 h, and the expression of IFN-␤ mRNA was determined by RT-qPCR. Data represent means Ϯ S.D. (n ϭ 3) (p Ͻ 0.05, t test). B and C, THP-1 macrophages were cultured with each human serum (#1, #2, and #3), which was used in Fig. 5 , for 2 days. Cells were stimulated with inactivated WV for 6 h, and the expression of IFN-␤ (B) and IL-6 (C) mRNA was determined by RT-qPCR. Data represent means Ϯ S.D. (n ϭ 3) (p Ͻ 0.05, t test). D, EVs were collected from 0.1 ml of human sera (#1, #2, and #3). Cells were cultured in serum-free medium with collected EVs in 24-well plates for 2 days and were subsequently stimulated with inactivated WV for 6 h. The expression of IFN-␤ mRNA was determined by RT-qPCR. Data represent means Ϯ S.D. (n ϭ 3) (p Ͻ 0.05, t test). E, antagomiR-451a was transfected into THP-1 macrophages, and cells were then cultured with or without human serum. IFN-␤ mRNA expressions in response to inactivated WV were determined by RT-qPCR. Data represent means Ϯ S.D. (n ϭ 3). "NS" represents "not significant" (p Ͼ 0.05, t test). F and G, schematic of treatment and preparation schedule (F). THP-1 macrophages were cultured with 20% of each human serum for 2 days. Cells were then stimulated with inactivated WV for 6 h, and IFN-␤ expression levels were determined by RT-qPCR. The expression levels of IFN-␤ mRNA were normalized to those of GAPDH. Correlation was investigated between miR-451a levels in serum EVs and type I IFN expression. Pearson correlation coefficient (r) was calculated, and a statistical analysis was performed (p Ͻ 0.05, n ϭ 24, statistical power ϭ 0.869) (G). The data are a representative of two independent experiments. *, p Ͻ 0.05.
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miR-451a levels in serum EVs and produced IP-10 levels (Fig. 8E) . These data are consistent with the in vitro data.
Several miRNA levels in serum EVs are correlated with macrophage responses to vaccine
miR-451a was selected from only 20 immune regulatory miRNA. To investigate whether there are other EV miRNAs that affect the innate immune response to inactivated WV, we performed microarray analysis. Because over 5 ml of each serum was required to perform microarray analysis, we performed an in vitro study using human sera and THP-1 macrophages. First, sera were collected from six healthy subjects. EVs were isolated from each serum, and total RNAs were extracted from EVs and were subjected to microarray analysis. We have measured the expression of over 3000 miRNAs; however, most of the miRNAs were not detectable. This is because miRNAs were not amplified for microarray analysis, and the expression of most of miRNAs was very low. Therefore, the expression profiles of only highly expressed miRNAs in serum EVs of six healthy subjects are shown in Fig. 9A . Second, THP-1 macrophages were cultured for 2 days with each serum isolated from the healthy subjects, and they were then stimulated with inactivated WV for 6 h. The expression of IFN-␤ of macrophages was determined by RT-qPCR (Fig. 9B) . Third, the correlation between IFN-␤ expression and serum EV miRNA expression was investigated ( Fig. 9C and Table S1 ). When miR-451a levels were normalized to the total amount of RNAs (global normalization, Fig. 9C, 2nd column from left) , the correlation coeffi-cient between miR-451a levels and IFN-␤ expression was Ϫ0.14. But when miR-451a levels were normalized to miR-16, the correlation coefficient was Ϫ0.69 ( Fig. 9C, 4th column from  right) , which was comparable with that of Fig. 7G . Considering that RNA is known to be unstable, normalization using an internal control may be better than that using the total RNA amount for normalization.
When we looked for other internal control miRNAs, we found that ratios of miR-7704 and other miRNAs gave rise to a statistically significant correlation between miRNA levels and IFN response (Fig. 9C, right two columns, and Fig. S4, A-D) . For instance, the correlation coefficient between miR-5100/miR-7704 ratio and the type I IFN expression was statistically significant (p ϭ 0.008) (Fig. 9C) . The ratio was also significantly correlated with IL-6 levels (Fig. 10, A and B) .
Because miR-451a regulated the cytokine expression, we reasoned that identified miRNAs would be involved in the cytokine expression pathway. As expected, miR-7704 mimic RNA reduced the expression of IFN-␤ by inactivated WV in THP-1 macrophages (Fig. S5A) . Conversely, miR-5100 mimic RNA increased the expression of IFN-␤ in THP-1 macrophages in response to inactivated WV or influenza A virus infection (Fig.  S5B) . These data suggest that miR-5100 and miR-7704 are positive and negative regulators for inactivated WV-induced IFN-␤ expression in THP-1 macrophages, respectively.
Although SV hardly induced IFN-␤ expression in THP-1 macrophages compared with inactivated WV (Fig. S6A) , IFN- Mouse sera were collected from C57BL/6 mice. miR-21 and miR-451a levels in serum EVs were determined and were normalized to miR-16 levels. Splenic CD11c ϩ cells were isolated from C57BL/6 mice, and intracellular miR-21 and miR-451a levels were determined. The correlation between miRNA levels in serum EVs and in splenic CD11c ϩ cells was calculated, and statistical analyses were performed (p Ͻ 0.05, r represents Pearson correlation coefficient) (B and C). The data are representative of at least two independent experiments. D and E, schematic of treatment and preparation of the samples (D). Sera were collected from C57BL/6 mice, and miR-451a levels in serum EVs were determined. 25 g of inactivated WV (50 l volume) was intranasally administered into those mice. 6 h after administration, sera were collected. IP-10 levels in sera were determined by ELISA. The correlation between miRNA levels in serum EVs and in splenic CD11c ϩ cells was calculated, and statistical analyses were performed (p Ͻ 0.05, r represents Pearson correlation coefficient) (E). The data are a representative of two independent experiments.
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␥-treated THP-1 expressed IFN-␤ and IL-6 in response to SV (Fig. S6, B and C) . When SV instead of inactivated WV was used for the experiments, we found that the ratios of miR-3160-5p and miR-7704 were significantly correlated with SV-induced IFN-␤ expression in THP-1 macrophages (Fig. S6C) and that the ratios of miR-6085 and miR-2467-3p were significantly correlated with SV-induced IL-6 expression in THP-1 macrophages (Fig. S6D) . Collectively, our data indicate that not only miR-451a but also other miRNAs in serum EVs affect the macrophage response.
Discussion
Cytokines and chemokines mediate intercellular communication. An accumulating body of evidence indicates that EVs also mediate intercellular communication, and our data indi-cate that EVs affect the innate immune response of macrophages and dendritic cells to inactivated WV. miR-451a levels in serum EVs gradually fluctuated over several weeks. Because miR-451a is abundant in serum EVs and are internalized into recipient cells, fluctuations of miR-451a concentration in serum EVs affected intracellular miR-451a levels in macrophages and dendritic cells, thereby modulating the innate immune response to inactivated WV. In addition, our microarray analysis identified several miRNAs that affected IFN-␤ expression in THP-1 macrophages in response to inactivated WV or SV. These data elucidate a role of blood-circulating EVs with miRNAs in the response of macrophage to influenza A virus vaccines.
Unlike miR-451a, intracellular miR-21 or miR-155 levels in macrophages did not increase following incubation with human serum. Considering that intracellular miR-21 and miR- Figure 9 . Correlation between miRNA ratio and IFN-␤ expression in macrophages stimulated with vaccines. A, sera were collected from six healthy subjects, and EVs were collected from each serum. Total RNAs were isolated from EVs and subjected to microarray analysis. The expression profiles of highly expressed miRNAs (top 100 among 3160) of six healthy subjects were shown as a heat map. B, THP-1 macrophages were cultured with human serum used for the microarray analysis for 2 days and were stimulated with inactivated WV for 6 h. IFN-␤ expression was determined by RT-qPCR. C, Pearson correlation coefficients (r) between miRNA levels (or miRNA ratios) and IFN-␤ expression in macrophages were calculated, and p values were determined. 2nd column from left, correlation coefficients were calculated using the values of global normalization of miRNA levels. 2nd column from right, correlation coefficients were calculated using the ratio of target miRNA/miR-7704. 4th column from right, correlation coefficients were calculated using the ratio of target miRNA/miR- 16 . The values that are statistically significant are highlighted in blue (negative correlation) or red (positive correlation).
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pect that the amounts of internalized miRNAs might be not sufficient to increase the basal intracellular miR-21 and miR-155 levels. This hypothesis can explain why specific miRNAs within human serum EVs can affect miRNA levels in recipient cells. Both of these conditions, a high level of miRNA in EVs and a low level in recipient cells, appear to be important for the miRNAs in blood EVs to influence intracellular miRNA levels in macrophages and DCs in vivo.
Although EVs delivered miRNAs to macrophages, our study showed that EVs barely delivered miR-451a into the cytoplasm of monocytes. This suggests that blood-circulating monocytes are not affected by EVs with miR-451a. In contrast, macrophages reside in tissues. Thus, EVs have to cross blood vessels to deliver miR-451a into macrophages in each tissue. It was shown that miR-155 and miR-146 in exosomes pass immune cells in vivo (24) . In addition, adipose-derived EVs deliver miRNAs into other tissues (42) . Moreover, EVs can even cross the bloodbrain barrier (43) . These observations are consistent with our model that circulating EVs deliver miR-451a to macrophages and dendritic cells in each tissue.
It is possible that the apparent increase of intracellular miR-451a levels is caused by attachment of EV on cell surface. However, our data weakened the possibility. First, cytochalasin D treatment, which destabilizes intracellular actin filaments, suppressed the increase of intracellular miR-451a levels after incubation of cells with serum. Second, the increase of intracellular miR-451a was correlated with the decrease of 14-3-3 protein levels, which is a target of miR-451a.
It has been shown that the SIDT2 protein transports internalized dsRNA from the endosome to the cytoplasm (44) . However, siRNA for SIDT2 failed to inhibit EV-mediated reductions of 14-3-3 protein levels (Fig. S3C) . It is possible that other pathways, such as SIDT1, compensate the defect of SIDT2. There is another possibility that miRNAs are released into the cytoplasm by fusion of the EV membrane with the endocytic vesicle membrane (1) . Further studies are required to fully reveal the underlying mechanism.
The blood contains sufficient amounts of miRNAs. Previous studies reported that there are many free miRNAs that make a complex with the Ago2 protein and thus are stable in the blood (45, 46) . Therefore, it is possible that serum miRNAs that are not included in EVs affected macrophage response. However, this possibility is weakened by the observation that EV miRNA levels do not correlate with the blood miRNA levels (47) . In addition, we showed that the cytokine expression in macrophages correlated with EV miR-451a levels (Fig. 7G) . These Figure 10 . Correlation between miRNA ratio and IL-6 expression in macrophages stimulated with vaccines. A, THP-1 macrophages were cultured with human serum used for the microarray analysis in Fig. 9 for 2 days and were stimulated with inactivated WV for 6 h. IL-6 expression was determined by RT-qPCR. B, Pearson correlation coefficients (r) between miRNA levels (or miRNA ratios) and IL-6 expression in macrophages were calculated, and p values were determined. 2nd column from left, correlation coefficients were calculated using the values of global normalization of miRNA levels. 2nd column from right, correlation coefficients were calculated using the ratio of target miRNA/miR-7704. 4th column from right, correlation coefficients were calculated using the ratio of target miRNA/miR- 16 . The values that are statistically significant are highlighted in blue (negative correlation) or red (positive correlation).
observations support our model that EV miR-451a, but not free miR-451a, affects macrophage response.
miR-451a targets 14-3-3 and reduces 14-3-3 protein levels (26) . Incubation of macrophages with human serum containing miR-451a EVs markedly reduced endogenous 14-3-3 protein levels. The 14-3-3 protein binds FOXO3 and ZFP36 and inhibits these proteins by sequestering them from nucleic acids (48) . FOXO3 and ZFP36 are known to be negative regulators for the expression of type I IFN and pro-inflammatory cytokine (49, 50) . Therefore, it is expected that the action of miR-451a on 14-3-3 leads to the release of sequestrated FOXO3 and ZFP36, and these negatively regulate cytokine expression. This is consistent with our observation that the expression of IFN-␤ and IL-6 in response to inactivated WV was inversely correlated with miR-451a levels in serum EVs.
The miR-451a level in serum EVs gradually fluctuated over several months, suggesting that usual daily life events, such as eating and moderate exercise, do not affect its level in serum EVs. Considering that miR-451a in serum EVs affects the macrophage response, the stability of miR-451a expression during daily life events seems to be important to avoid excessive inflammation or attenuated immune response to pathogens. In contrast, we detected viral infection-induced change of miR-451a levels in serum EVs. In a mouse animal model, we found that the miR-451a level in serum EVs increased 5 days after influenza A virus infection. miR-451a levels in EVs depended on hnRNPA2B1 (Fig. 2) , and hnRNPA2B1 is known to bind viral proteins of influenza A virus (51, 52) . Thus, it is possible that viral proteins affect hnRNPA2B1 function, resulting in the change of miR-451a levels in EVs. Alternatively, it is also possible that influenza A virus affects sumoylation of hnRNPA2B1 required for the binding of hnRNPA2B1 to miRNAs (11) , because it has been reported that influenza A virus interacts with the cellular sumoylation system (53) . A previous study reported that intracellular miR-451a expression in the liver was reduced in high-fat diet-induced nonalcoholic steatohepatitis mice (54) . Considering that donors who provided sera were healthy without symptoms of diseases, physical conditions might affect miR-451a levels in blood-circulating EVs. miR-451a levels were relatively high in the lung and spleen compared with other tissues, and thus, these tissues seem to be major sources of miR-451a-containing EVs in the blood. This means that the function of macrophages and DCs is regulated by other tissues. Recently, it was shown that adipose-derived exosomes regulate the gene expression in other tissues (42) . These observations imply the inter-tissue communication via blood-circulating EVs.
Because there are various miRNAs in serum EVs, it is not surprising that not only miR-451a but also other miRNAs affect in vivo DC and macrophage functions. Because high expression levels in EVs seem to be important for miRNA to increase the intracellular miRNA levels, we expected that microarray analysis would uncover candidate miRNAs. We performed a microarray assay and focused on miRNAs that were highly expressed in blood-circulating EVs. At the same time, we investigated the response of macrophages cultured with serum against influenza A virus vaccine, and we unexpectedly found high correlation coefficients between miRNA ratios, such as miR-5100 and miR-7704, and macrophage response. This is consistent with our hypothesis that miRNAs packaged into EVs have significant impact on the response of macrophages to vaccine. miR-7704 and miR-5100 were negative and positive factors for type I IFN expression, respectively. Thus, we prefer the interpretation that the ratio of positive and negative factor levels is more efficiently correlated with type I IFN expression than positive or negative factor expression level alone. miR-7704 was first identified by a microarray analysis to isolate miRNA expressed in macrophages after stimulation with IL-27 (55) . Our study showed that mimic miR-7704 reduced type I IFN expression in response to inactivated WV, suggesting that miR-7704 is a negative regulator for the innate immune response. The miRNA target prediction software, TargetScanHuman, predicted that IRF-1 is a candidate of miR-7704 -targeted genes. IRF-1 is well-known to regulate the innate immune response (56) . Further studies are required to reveal the underlying mechanism of how miR-7704 attenuates the IFN response. Nevertheless, those miR-NAs as well as miR-451a are expected to concomitantly modulate the innate immune response.
Vaccines are important for preventing infection. However, adverse reactions are sometimes caused by an excessive innate immune response to vaccines. Although we could not detect systemic IL-1␤, IL-6, and TNF␣ production in mice injected with inactivated WV, at least under our experimental conditions, IFN-␤ and IL-6 expression was induced by stimulation of macrophages with inactivated WV. It was reported that IL-1␤, IL-6, and TNF␣ produced by macrophages and other types of cells are known to be endogenous pyrogens, which are causes of fever (57) . TNF␣, IL-6, and other cytokines induce vascular permeability, a cause of swelling and redness (58, 59) . Inflammation caused by innate immune responses is a cause of pain (60) . Because the miRNA ratios were highly correlated with the innate immune response, it is expected that these miRNA ratios could be used for biomarkers to predict the adverse reaction before vaccination. Further studies would reveal the usefulness of EV miRNAs to predict the adverse reaction before vaccination.
Experimental procedures
Ethics statement
All of the animal studies were conducted in accordance with the Guidelines for Animal Experimentation of the Japanese Associations for Laboratory Animal Science and were approved by the Animal Care and Use Committee of Kumamoto University (A29-027, J27-232). All human samples were obtained and used in accordance with the Declaration of Helsinki and with the procedures approved by Ethics Committee of the Faculty of Life Sciences at Kumamoto University (RINRI 1203). All adult subjects provided informed consent, which was written in a document. We did not use any human samples derived from children.
Animals, cells, and reagents
THP-1 (JCRB Cell Bank) monocytes and THP-1 macrophages were cultured in RPMI 1640 medium with 5% FCS. THP-1 monocytes were differentiated into macrophages with phorbol 12-myristate 13-acetate (60 ng/ml) for 16 h, as described previously (23, 61) . Human monocyte-derived macrophages were generated from CD14 ϩ monocytes isolated from human blood and cultured with human GM-CSF for 6 days (62) . HepG2 and A549 cells (provided by T. Seya at Hokkaido University) were cultured in DMEM (high Glc) and DMEM (low Glc) with 10% FCS, respectively. To obtain BM-DCs, BM cells were prepared from the femur and tibia. Isolated BM cells were cultured in RPMI 1640 medium with 10% FCS, 0.1 mM 2-mercaptoethanol, and 10 ng/ml murine GM-CSF for 6 days. Formalin-inactivated WV and SV were derived from the influenza A virus strain, A/California/7/ 2009[H1N1], and were provided by KAKETSUKEN (Kumamoto) (63) . Mimic miRNAs, siRNAs for hnRNPA2B1, and negative control siRNA (scrambled siRNA, which has no significant sequence similarity to mouse or human gene sequences) were purchased from Bioneer Corp. and ThermoFisher Scientific. C57BL/6 mice were purchased from KYUDO Co. (Tosu). Poly(I-C), CL097, and cytochalasin D were purchased from GE Healthcare, Invivogen, and Wako, respectively. Anti-14-3-3 antibody and anti-␤-actin mAb (AC-15) were purchased from Cell Signaling Technology and Sigma, respectively.
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Analysis of EVs
To culture human and mouse cells, FCS was heat-inactivated at 56°C for 30 min to culture human and mouse cells. Human serum without heat inactivation was used for culture of THP-1 cells or human mo-Mf. Mouse serum without heat inactivation was used for culture of BM-DCs when we observed miRNA internalization in recipient cells.
To determine miRNA levels in EVs released from culture cells, cells were seeded onto 24-well plates. The next day, cells were washed four times with PBS and subsequently cultured in serum-free medium for 1 or 2 days. EVs were isolated with total exosome isolation reagent (from cell culture media and from serum) (ThermoFisher Scientific), according to the manufacturer's instructions. Briefly, sera were prepared from healthy human subjects. Serum was mixed with 0.2 volume of the Total Exosome Isolation (from serum) reagents and incubated at 4°C for 30 min. After incubation, samples were centrifuged at 10,000 ϫ g for 10 min. Supernatants were discarded, and the pellet was resuspended with 1ϫ PBS. To isolate EVs from cell culture medium, cell culture supernatants were mixed with 0.5 volume of the Total Exosome Isolation (from culture media) and were incubated at 4°C overnight. Samples were centrifuged at 10,000 ϫ g for 1 h. Supernatants were discarded, and pellets were suspended with 1ϫ PBS.
To transfer EVs to cells, collected EVs was suspended with PBS and was added to the cell culture medium. To observe miRNA levels in serum EVs sequentially over 1 day, 1 week, or several months, about 10 l of human blood were collected from the first finger of the left hand of healthy donors using Medisafe Finetouch Dispo (Terumo), and sera were prepared. Five microliters of sera were used for isolating EVs. To obtain human sera for cell culture and for measurement of miRNA levels in serum EVs, blood was collected from the vein of healthy donors, and sera were prepared.
Microarray
To perform the microarray analysis, 10 ml of each serum were collected from six healthy subjects. EVs were isolated from 5 ml of each serum. Total RNA was isolated from EVs using the mRNeasy mini kit (Qiagen) and was labeled with Cy5 using the 3D-gene miRNA labeling kit (TORAY). RNAs were hybridized for 16 h at 37°C with a rotary shaker (250 rpm). Hybridization buffer and washing protocols were followed by the protocol supplied by TORAY. 3D-gene scanner (TORAY) was used for scanning. Images were quantified using Extraction software (TORAY). The raw data of each spot was normalized by substitution with a mean intensity of the background signal determined by all blank spot signal intensities of 95% confidence intervals. The microarray data were deposited to GEO. The accession number is GSE100128. The heatmap was drawn using Prism software.
miRNA expression
To determine the miRNA expression levels, total RNA was isolated with TRIzol (ThermoFisher Scientific). The reverse transcription reaction for the miRNA generation was performed using miR-X miRNA first-strand synthesis kit (Clontech). The SYBR Green real-time PCR master mix (ABI) was used for qPCR using the StepOne real time PCR system (ABI). When EVs were isolated from human serum, miRNA levels were normalized to miR-16 expression levels. Otherwise, the miRNA levels were normalized to U6 RNA expression levels. Copy numbers of miR-451a in human sera were also determined using the StepOne real time PCR system with standard synthesized RNA, according to the manufacturer's instructions.
Measurement of EVs
EV size and concentration were determined using NanoSight LM10V-HS. Each sample was diluted 10,000ϫ and was measured five times to determine the average. The data were analyzed with NTA3.2 software.
Statistical analysis
All statistical analyses were carried out using Prism 7 (version 7) (GraphPad Software, Inc.), MS-Excel, or G*Power software. One-way ANOVA was performed to investigate the significance of differences between the means of several independent groups. To examine correlation, Pearson correlation coefficient (r) was calculated. To perform power analysis, we used G*Power software (version 3.1.9.3) and performed Student's t test to determine statistical power values (two-tails, effect size ϭ Pearson correlation coefficient, ␣ error probability ϭ 0.05) (64) . 
